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Highlights 
 Sol-gel/Hidrothermal method is efficient for the immobilization of HPA on zirconia 
 The presence of the HPA leads to significant modifications on zirconia 
 Supported HPA on zirconia are suitable catalysts for esterification.  
 Leaching and the porosity blockage cause a reduction of the catalytic activity. 
Abstract: A series of materials based on the immobilization of the 12-tungstophosphoric 
heteropolyacid over zirconia supports have been prepared and applied as heterogeneous acid 
catalysts in the esterification of palmitic acid with methanol as a model reaction for the 
preliminary stage of the biodiesel production. The title materials have been obtained through the 
sol-gel method combined with a subsequent hydrothermal treatment at mild conditions, which 
affords catalysts with larger porosity and higher thermal and chemical stability under the 
esterification reaction conditions than other preparative approaches. Generating the zirconia 
support by hydrolysis of an alkoxyde precursor in the presence of the heteropolyacid leads to 
materials with homogeneously well-dispersed clusters, as well as to an increasing contribution of 
the tetragonal ZrO2 crystalline phase, a decreasing size of the nanoparticles and larger 
microporous volumes as the loading of the Keggin-type species increases. The 12-
tungstophosphoric acid retains its catalytic activity in the esterification of palmitic acid with 
methanol at 60 °C upon immobilization over zirconia and conversions even higher than those 
 
 
  
 
 
 
SBET (m2/g) 
20 HPW/Z 270 
20 HPW /Z-C5 148 
30 HPW /Z 365 
30 HPW /Z-C5 78 
50 HPW /Z 321 
50 HPW /Z-C5 99 
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observed under homogeneous conditions are obtained due to the active contribution of the 
support. The sample with a 30% mass percentage of heteropolyacid has been identified as the 
most efficient catalyst because it affords conversions above the 90% and shows the lower loss of 
activity over successive reaction runs among all of our materials. This loss of activity has been 
analyzed on the basis of the leaching of the catalyst and the fouling of the materials. 
Keywords: Immobilized heteropolyacid; Zirconia support; Textural properties; Palmitic acid 
esterification 
* Corresponding Author. Fax: +34 965909419. E-mail address: jalcaniz@ua.es (J. Alcañiz-
Monge)  
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1. Introduction 
Nowadays, there is a worldwide ongoing effort devoted to the development and 
implementation of renewable energy sources with null emissions of greenhouse gases (eg. CO2), 
such as the thermosolar, photovoltaic, hydroelectric, geothermal, and wind energies. This effort 
includes extensive research on cleaner and more environmentally benign fuels obtained from 
agricultural resources, ie. biofuels [1,2]. Among liquid biofuels, biodiesel represents the green 
alternative to petroleum diesel because it is obtained from renewable raw materials, such as 
vegetable oils, fats of animal origin, or free fatty acids (FFAs) by esterification or 
transesterification reactions with alcohols derived from fermentation processes [3-5]. For these 
reactions to be of industrial interest and economic value, they are required to proceed with high 
conversions at mild temperatures, and these conditions can only be achieved when catalysts are 
introduced. A wide catalogue of compounds and materials can be used to catalyze such 
(trans)esterification reactions, including both basic or acid catalysts in both homogeneous or 
heterogeneous conditions. Among them, it is the homogeneous basic catalysis the type of process 
that has been most extensively applied to date because it can afford nearly full conversions in 
reaction times shorter than 3 hours at atmospheric pressure and temperatures as mild as 80 ºC. 
However, this type of catalysis demands the presence of water and FFAs in the raw materials to 
be minimized in advance because they can lead to undesirable competing reactions, such as the 
formation of soaps [6], the hydrolysis of the final ester and other side reactions between the 
catalyst and FFAs. These competing reactions result in a decrease of the conversion and the 
catalyst deactivation, and therefore, they lead to a substantial increase in the purification costs 
due to the need of refining the raw materials prior to their use in the (trans)esterification processes 
[7,8]. Indeed, it is estimated that more than a half of the final cost of biodiesel originates from the 
need of relying on virgin or refined raw materials (eg. virgin vegetable oils) instead of using 
recycled wastes directly (eg. cooking oil wastes). 
The costs of producing biodiesel could be reduced dramatically by designing a two-step 
route in which the FFAs are first esterified using an acid catalyst before proceeding into 
subsequent transesterification by means of basic catalysis [9,10]. The most widely used 
esterification acid catalysts are common strong Brønsted acids (eg. H2SO4, HCl, H3PO4) that are 
inexpensive and do not lead to any saponification problems. However, they do show other 
significant drawbacks instead: they are environmentally unfriendly; they cause corrosion in the 
reactors; their reactions demand higher amounts of alcohol and catalyst (typically 5–25wt. % for 
H2SO4, for example); and their use introduces the need of additional stages of product washing 
and catalyst recovery that are intrinsic to homogeneous catalytic processes. These drawbacks 
could be overcome by using acidic solids as heterogeneous catalysts instead of liquid mineral 
acids [3-5, 11]. In the past few years, there has been exhaustive investigations focused on the 
search of new heterogeneous acid catalysts for the esterification of FFAs active enough to 
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replicate the high conversions afforded by the homogeneous catalysis in analogous mild 
conditions of temperature and pressure. A plethora of acidic solids has already been explored in 
this context, including acidic clays [12], tantalum oxide [13], and modified zirconia [14] or silica 
[15]. The best results have been obtained with hydrotalcites or sulfonated zirconia, but 
nevertheless, the conditions to achieve suitable conversions are still far more energetic (> 140 ºC) 
than those of the homogeneous catalysis [16]. 
Among other suitable acidic solids, heteropolyacids (HPAs) appear as one type of 
candidates with the highest potential to catalyze the esterification of FFAs efficiently. HPAs are 
the protonated forms of the anionic metal–oxygen clusters known as polyoxometalates (POMs). 
POMs constitute a large family of compounds comprising species with very diverse compositions, 
shapes and sizes [17] where HPAs specifically refer to the subclass of heteropolyanions, which 
incorporate additional elements (heteroatoms) in geometrically well-defined central cavities 
(tetrahedral, octahedral) besides oxygen and metals from groups 5 and 6. A thorough body of 
reports is currently available on the catalytic applications of such POM species [18], among which 
Hn[XM12O40] HPAs with the well-known Keggin-type structure constitute one the most relevant 
representatives (X = heteroatom, e.g. SiIV, PV; M = MoVI, WVI). HPAs behave as very strong 
Brønsted acids close to the super-acid region, and compared to the common mineral acids, they 
are significantly less harmful in terms of their environmental effects. However, HPAs show very 
high solubility in a range of polar solvents and this fact has led to their catalytic properties having 
being studied mostly in homogeneous phase. Therefore, they need to be supported on porous solid 
matrices for being applied under heterogeneous conditions [19-21]. Different supports have been 
explored to design HPA-immobilized heterogeneous acid catalysts for esterification reactions, 
such as mesoporous MCM-41 silica [22], zirconia [23], activated carbonaceous materials [24], or 
alumina [25]. 
Here we report our studies on the applicability of a series of HPA-immobilized porous 
solids as heterogeneous acid catalysts for a process of industrial and environmental relevance 
such as the preparation of biodiesel, and more specifically, on their performance in the 
preliminary stage related to the esterification of FFAs. We have chosen the palmitic acid as the 
FFA subject of study and its esterification with methanol into de corresponding mono-alkyl ester 
as the model reaction to analyze. Palmitic acid is present in significant amounts in African palm 
oil, the methyl ester of which displays a cetane number even higher than that of petroleum diesel, 
and the production of which is the highest per hectare and year among all vegetable oils 
originating from the cultivation of oleaginous plants, resulting in a wider availability and lower 
and more stable price compared to other vegetable oils for food use [26]. The combination of 
these features endows the biodiesel obtained from African palm oil with a high added value [27], 
but the significant FFA content of the raw material (ca. 5–8wt. % of the total mass, of which the 
44% corresponds to palmitic acid) hampers its widespread use by making the application of crude 
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palm oil in a single basic transesterification stage highly inefficient. Therefore, the search for 
suitable heterogeneous catalysts for a preliminary acidic esterification treatment of the crude oil 
that eliminates the presence of FFAs (eg. palmitic acid) is of major interest. In a previous work 
on the application of HPAs supported on activated carbon fibers, some of us demonstrated that 
the H3PW12O40 species (hereon abbreviated as HPW) showed superior catalytic activity in the 
esterification of FFAs compared to other HPAs [24], and therefore, we have focused our study on 
this specific HPA. Zirconia (hereon abbreviated as Z) has been selected as the porous solid matrix 
for immobilizing the HPW catalyst, and four xHPW/Z heterogeneous catalysts with different 
HPA loadings (x = mass percentage of HPW = 10, 20, 30 and 50 wt. %) have been prepared by a 
combination of the sol-gel method with a subsequent hydrothermal treatment. 
2. Experimental 
2.1. Materials and methods 
The following materials were used for the model esterification reaction: palmitic acid, 
methanol and a series of supported catalysts obtained from the immobilization of H3PW12O40 on 
ZrO2. The preparation of the latter xHPW/Z catalysts involves the use of zirconium(IV) n-
butoxide (80wt. % solution in 1-butanol) and tungstophosphoric acid hydrate as reagents and 
ethanol as solvent. All of these materials and reagents were obtained from commercial sources 
(Sigma-Aldrich) and used without further purification. 
The xHPW/Z catalysts (x = 10, 20, 30, 50wt. %) were prepared by the sol-gel method, 
followed by a hydrothermal treatment: the Zr(n-OC4H9)4 precursor (6.0 mL, 13.0 mmol) was 
added to ethanol (10.0 mL, 172.0 mmol) under stirring at 60 °C. After cooling the solution down 
to room temperature, the pH was adjusted to a value of 2.0 with aqueous 11.6 M HCl (3.0 mL) 
and the corresponding amount of H3PW12O40·nH2O dissolved in a mixture of ethanol (12.5 mL, 
214.0 mmol) and H2O (5 mL) was added dropwise. The amounts of H3PW12O40·nH2O used to 
obtain solid materials with x = 10, 20, 30 and 50% mass percentages of heteropolyacid were 0.18 
g (0.06 mmol), 0.40 g (0.14 mmol), 0.69 g (0.24 mmol), and 1.60 g (0.56 mmol), respectively. It 
must be remarked that the amount of Zr(n-OC4H9)4 precursor and the volume of the solution used 
in the preparation of the four title catalysts was the same in all cases. The resulting reaction 
mixture was stirred for 5 h at room temperature until a gel was formed, transferred into a Teflon 
autoclave, and aged for 12 h at 180 °C without stirring. The final solid material was recovered by 
filtration, washed several times with distilled water and dried in air for 24 h at 100 °C. The dried 
catalysts were characterized and used in the subsequent catalytic tests without any further 
calcination treatment. The pristine Z support was also obtained by following the same synthetic 
route applied for the preparation of the catalysts but with no heteropolyacid dissolved in the 
mixture of ethanol and water that is added after adjusting the pH to a value of 2.0. 
2.2. Catalytic tests: esterification 
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The xHPW/Z solid materials (x = 10, 20, 30, 50wt. %) were evaluated as heterogeneous 
acid catalysts in the esterification of palmitic acid with methanol as model reaction for the 
preliminary stage in the preparation of biodiesel. Palmitic acid (1.0 g, 3.9 mmol) and methanol 
(15.0 mL, 370.0 mmol) were poured in a round-bottomed flask equipped with a reflux system and 
magnetic stirring. This mixture was heated to 60 °C using a thermostatic polyethylene glycol bath 
and the corresponding solid catalyst (0.3 g) was incorporated upon full dissolution of the palmitic 
acid in the alcoholic solvent. The mixture was kept at 60 °C for 6 h for the esterification reaction 
to proceed. Three aliquots were taken at reaction times t = 1, 3 and 6 h to monitor the progress of 
the reaction, and more specifically, the overall yield by acid-base titration with an aqueous 0.1 M 
NaOH commercial standard and the nature of the reaction products by gas chromatography 
coupled with mass spectrometry (GC-MS). The conditions for the determination of the 
esterification products by GC-MS were as follows: Shimadzu GCMS QP5050A equipped with a 
polydimethylsiloxane CBPI PONA-M50-042 column of dimensions 100 mm × 0.25 mm × 0.5 
mm; Injection of 1 L of a sample consisting in 1 mL of the reaction mixture diluted in 10 mL of 
toluene; Temperature injection: 250 ºC; Split flow: 100 mL min–1 of He; Column flow: 1 mL min–
1 of He; Column temperature program: 50 ºC for 1 min, 10 ºC min–1 to 200 ºC, and 5ºC min–1 to 
220 ºC; Flame ionization detector (FID) temperature: 250 ºC. This technique confirmed the 
methyl palmitate as the single reaction product. To analyze the recyclability of the heterogeneous 
catalysts, these were recovered by filtration after the 6 h of reaction set for the catalytic test, 
washed with methanol (25 mL, 60 °C, 30 min), dried in an oven at 100 °C for 12 h and reused in 
successive reaction cycles. 
2.3. Characterization of supports and supported catalysts 
The elemental analyses of the pristine Z support and of the fresh and recycled xHPW/Z 
catalysts are listed in Table A.1 in Appendix A. The results obtained show that the elemental 
contents are close to the theoretical values expected for all of the zirconia-supported HPW 
samples. The experimental W/P ratios are in agreement with the exclusive presence of the plenary 
H3PW12O40 Keggin cluster, and this fact indicates that no significant decomposition takes place 
either during the synthesis of the xHPW/Z materials or during the catalytic tests. 
The porous texture of the pristine Z support and of the fresh and recycled xHPW/Z 
catalysts was characterized by physical adsorption of gases using solid samples degassed under 
vacuum at 100 °C for 4h and the volumetric equipments Autosorb 6-B (N2 at –196 ºC) or 
Autosorb-6 (CO2 at 0 ºC). The specific surface area was determined from the Brunauer-Emmet-
Teller (BET) equation [28] and the volume of the micropores was calculated with the Dubinin-
Radushkevich (DR) equation [29]. The different pore volumes used in this work were calculated 
as follows [30]: a) The volume of the ultramicropores (pore size < 0.7 nm), namely VCO2, was 
estimated from the DR curves of the CO2 adsorption experiments at relative pressures P/P0 < 
0.015; b) The total volume of the micropores (pore size < 2 nm), namely VN2, was calculated from 
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the DR curves of the N2 adsorption experiments at relative pressures P/P0 < 0.14; c); The total 
porous volume, namely VT, was estimated from the N2 adsorption isotherm, and more specifically, 
from the amount adsorbed at relative pressures P/P0 = 0.99; d) The mesoporous volume, namely 
Vmeso, was calculated from the difference between VT and VN2. 
The crystal structure of the particulate solid catalysts was examined by powder X-ray 
diffraction (PXRD) analyses on a Seifert JSO Debye-Flex 2002 diffractometer equipped with Cu 
Kα radiation. To determine whether the solid samples are chemically or structurally modified 
upon catalyzing the acidic esterification reaction, the fresh and recycled catalysts were studied 
through the following analytical techniques: diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) using a Bruker RFS/100 spectrophotometer and KBr disks as samples 
(10:1 weight ratio of KBr and catalyst); and thermogravimetry (TGA) using a TA Instruments 
SDT 2960 thermobalance equipped with a 60 cm3 min−1 flow of synthetic air and a heating ramp 
of 20 °C min−1 up to 750 °C. To determine the extent of the HPW leaching upon the esterification 
reaction, the liquid media obtained after recovering the solid catalyst by filtration were acidified 
to pH 1 to ensure that all of the leached HPA is present as the fully protonated H3PW12O40 form, 
and were subsequently analyzed by UV-Vis spectroscopy using a Jasco UV-vis/NIR V-670 
spectrophotometer. The analysis was focused on the spectral zone around 225 nm, which 
corresponds to the absorption maximum of the H3PW12O40 species, and the amount of leached 
HPW was determined using the calibration line shown in Figure A.1 in Appendix A. 
3. Results and Discussion 
3.1. Characterization of the supported catalysts 
The elemental analyses (Table A.1 in Appendix A) obtained for the xHPW/Z samples 
show that the contents of W, P, and Zr are consistent with the theoretical values expected for all 
of the four zirconia-supported HPW catalysts. The experimental W/P ratios are in agreement with 
the exclusive presence of the plenary H3PW12O40 Keggin cluster in our samples, and this fact 
indicates that no significant decomposition of the HPW species takes place during their syntheses. 
Moreover, the amounts of supported HPW in the four xHPW/Z samples are close to the amounts 
of H3PW12O40 reagent incorporated during their syntheses as determined from the elemental 
composition of W and Zr, and this fact confirms that nearly the whole fraction of HPW species 
result embedded into the zirconia matrix by following our synthetic protocol. 
3.1.1. Textural properties 
Figure 1 displays a comparison of the N2 adsorption-desorption isotherms at −196 °C for 
the four xHPW/Z catalysts with HPW mass percentages of x = 10, 20, 30 and 50% that have been 
prepared by the sol-gel method followed by a hydrothermal treatment, as well as for the pristine 
Z support obtained from analogous synthetic conditions. The isotherm of the Z support is of type 
IV according to the IUPAC classification [31]. It shows a H2-type hysteresis loop at moderate-
to-high relative pressures (P/P0 > 0.4), which is characteristic of inorganic mesoporous solids, 
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and subtle adsorption at low relative pressures (P/P0 < 0.2) that associates with the presence of 
certain microporosity in the solid. The open shape of the isotherm elbow observed at low 
pressures reveals a wide distribution of micropore sizes. When the hydrolysis of the ZrIV 
molecular source and subsequent aging stage of the resulting solid under mild hydrothermal 
conditions are carried out in the presence of the HPW species, the clusters result embedded in the 
porous Z matrix. This embedding process leads to substantial modifications of the textural 
properties of the final solid as shown by the significant changes in the N2 adsorption-desorption 
isotherms of the xHPW/Z catalysts compared to that of the pristine Z support. These changes are 
best noticed for those samples with HPW contents equal to or higher than 20wt. % and they 
mainly consist in an increase of the adsorption capacity in the lowest domain of relative pressures 
P/P0 < 0.1, which is indicative of a relevant development of microporosity in the xHPW/Z 
samples. 
 
Figure 1. N2 adsorption-desorption isotherms of the xHPW/Z catalysts prepared by a combined sol-
gel/hydrothermal approach with HPW mass percentages of x = 0 (Z support) – 50%. 
Table 1 lists the values of the different parameters that define the textural properties of 
the xHPW/Z catalysts, namely the BET surface area (SBET), the volume of the ultramicropores 
(VCO2), the total microporous volume (VN2), the mesoporous volume (Vmeso) and the total porous 
volume (VT). These values have been calculated from the N2 and CO2 adsorption-desorption 
isotherms as indicated in the Experimental Section. As shown in Table 1, the presence of low 
amounts of HPW (x = 10wt. %) leads to a supported catalyst with somewhat lower microporous 
volume than that displayed by the pristine Z support. This fact could in principle be attributed to 
the “inert” weight with which the HPA clusters contribute to the solid sample upon considering 
the lack of porosity displayed by the commercial HPW starting material [17,18]. This subtle 
change in the textural properties originates exclusively from a decrease in the total microporous 
volume (VN2) as the specific ultramicroporous (VCO2) and mesoporous volumes (Vmeso) remain 
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nearly intact. Therefore, the immobilization of the HPW clusters must take place preferentially in 
the wide micropores (0.7 nm < pore size < 2.0 nm) to result in a partial block of the 
supermicroporosity [24], which would be in good agreement with our previous observations on 
HPAs being mainly adsorbed in the supermicroporous domain of activated carbonaceous supports 
[21]. These results are consistent with the average size of the [XM12O40]
n– Keggin-type POM 
anions, which display diameters of 0.8–1.0 nm regardless of the addenda metal M or heteroatom 
X [17,32], and hence they cannot be incorporated into the ultramicropores due to size exclusion. 
Table 1. Textural properties of the xHPW/Z catalysts obtained from the immobilization of different mass 
percentages (x = 10 – 50%) of the H3PW12O40 heteropolyacid over zirconia by following a combined sol-
gel/hydrothermal approach. 
Catalyst SBET (m2 g–1) VN2 (cm3 g–1) VCO2 (cm3 g–1) Vmeso (cm3 g–1) Vtotal (cm3 g–1) 
Pristine ZrO2 (Z) 164 0.08 0.05 0.17 0.27 
10HPW/Z (x = 10%) 129 0.06 0.04 0.18 0.28 
20HPW/Z (x = 20%) 270 0.13 0.09 0.19 0.38 
30HPW/Z (x = 30%) 365 0.18 0.12 0.11 0.33 
50HPW/Z (x = 50%) 321 0.16 0.11 0.09 0.28 
H3PW12O40 (HPW) 0 0 0 0 0 
 
Higher amounts of HPW embedded into the Z support result in significantly more 
pronounced modifications in the porous textures of the final solid samples. When the mass 
percentage of immobilized HPW clusters is x = 20%, an increase of the overall microporous 
volume takes place, reaching values well above that of the Z support. This increase originates 
almost exclusively from a substantial development of the narrow microporosity, whereas the 
mesoporous domain is retained almost unaffected. The development of textural properties within 
the whole series of xHPW/Z supported catalysts reaches its maximum extent with a HPW loading 
of x = 30wt. % This sample displays the highest microporous volume among all catalysts and the 
largest specific surface area with an SBET value that more than doubles that of the pristine support. 
As for the 20HPW/Z sample, the increase of the microporous volume takes place mainly in the 
ultramicroporous domain, but in this case, this development of microporosity is accompanied by 
a relevant decrease of the mesoporous volume to a Vmeso value that accounts for nearly the half of 
those shown by the rest of solid samples discussed above. Higher HPW loadings (x = 50wt. %) 
just lead to similar slight decreases in all domains of the porosity. All of the results above indicate 
that the Keggin-type HPW clusters have a key role on modifying the textural properties of the Z 
support when the preparation of the latter via hydrolysis of zirconium(IV) n-butoxide is carried 
out in the presence of HPW amounts up to x = 30wt. %, whereas higher amounts of the HPA 
species do not influence the development of the porous structure of the resulting solid in a 
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significant manner. It should be noted at this point that the HPW:ZrO2 molar ratio ranges from 
0.005 in 10HPW/Z to 0.040 in the sample with the highest HPW loading (50HPW/Z), and hence 
our immobilized catalysts contain a very low number of POM cluster units per Zr site that, 
nevertheless, are able to promote noticeable modifications in the textural properties of the support. 
The preparation of our xHPW/Z samples through the entrapment of different amounts of 
the H3PW12O40 acid catalyst into a ZrO2 matrix formed in situ from the hydrolysis of 
zirconium(IV) n-butoxide via the sol-gel method followed by hydrothermal aging is not a fully 
unprecedented synthetic route for the heterogenization of HPAs in inorganic oxide supports. For 
example, the HPW species has been previously immobilized in ZrO2 using the sol-gel method to 
prepare photocatalysts for the selective aerobic oxidation of alcohols [33], but in this case, the 
POM-loaded gel was calcined at high temperatures to fasten the zirconia network instead of being 
hydrothermally treated at milder conditions. Hydrothermal conditions to age POM-loaded 
hydrogels into inorganic oxides have been applied by Wang and coworkers to obtain a TiO2-
supported HPW photocatalyst for the degradation of dye pollutants [34]. During the hydrolysis 
of the ZrIV molecular precursor, the Keggin-type HPW units result embedded into the Zr(OH)4 
hydrogel as it forms, in such a way that the clusters result immobilized in the final hydrothermally-
generated ZrO2 matrix through both electrostatic interactions and the formation of extensive 
hydrogen-bonding. The ≡Zr–OH groups of the zirconia protonate into ≡Zr–OH2+ due to the acidic 
environment provided by the HPA species, resulting in the formation of electrostatic [≡Zr–
OH2]+[H2PW12O40]– pairs through an acid-base-like reaction [33,34]. Moreover, these interactions 
are reinforced by the massive ≡Zr–OH···Ot=W and ≡Zr–OH···Ob=W hydrogen bonding 
interactions that the surface oxido ligands Ot (terminal oxygen atom) and Ob (bridging oxygen 
atom) of the POM clusters can establish with the ≡Zr–OH groups of the zirconia network. Taking 
into account the diameter of ca. 0.8 nm displayed by the Keggin clusters, this mechanism for the 
anchoring of the HPW units would support the modifications observed for the textural properties 
of our samples as the largest development of porosity takes place in the microporous structure, 
and more specifically, in the domain of the pores with sizes equal to or lower than 0.8 nm. 
Considering that the Keggin-type units are immobilized onto the surface of the zirconia 
nanoparticles through the interactions discussed above, it is likely that an increasing number of 
individual clusters result trapped in between adjacent nanoparticles as higher amounts of HPW 
are loaded. Two adjacent nanoparticles sandwiching a Keggin unit would then be separated by a 
distance analogous to the diameter of the cluster, leading to the generation of interparticle void 
spaces that would lie in the ultramicroporous domain. 
 
3.1.2. Powder X-ray diffraction 
Figure 2 shows the PXRD patterns of the whole series of xHPW/Z samples (x = 10 – 
50wt. %) compared with those of the commercial HPW starting material and the pristine Z support 
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obtained by following the synthetic route applied for the preparation of the catalysts. It is worth 
noting first the presence of broad but well-defined diffraction maxima in the pattern of the pristine 
Z support isolated from the hydrolysis of the zirconium(IV) n-butoxide molecular precursor and 
subsequent hydrothermal treatment at 180 °C. This relatively crystalline character of the solid 
contrasts with the mainly amorphous nature of zirconia samples prepared by following 
precipitation synthetic approaches or pure sol-gel routes without any hydrothermal aging stage, 
the PXRD patterns of which do not show any defined diffraction maxima. Therefore, these 
hydrothermal aging conditions applied on the as-hydrolyzed zirconia have proven to be effective 
for developing certain crystallinity in the final solid samples at relatively low temperatures, which 
is consistent with literature reports on some other inorganic oxides such as zeolites or cordierites 
[35]. The main diffraction maxima appear at 2θ ca. 24, 28, 32, 42, 46, 54 and 56° and they 
correspond to the monoclinic phase of zirconia [36], but a minor contribution of the tetragonal 
phase can also be observed with its diffraction maxima located at 2θ ca. 30, 35 and 50° [37]. 
 
 
Figure 2. Powder X-ray diffraction patterns of the xHPW/Z supported catalysts prepared by a combined 
sol-gel/hydrothermal method with HPW mass loadings in the x = 0 (Z support) – 50wt. % range. 
 
Loading the zirconia with low quantities of the HPW species enhances the crystallinity 
of the Z support as indicated by the sharper and more intense diffraction maxima observed in the 
pattern of the 10HPW/Z sample. Thus, the acidic forms derived from Keggin-type clusters appear 
to behave as mineralizing agents in the wet-synthesis of inorganic oxides when they are present 
in the reaction medium in such small amounts (x = 10wt. %), in close analogy to the role played 
by other mineral acids in the hydrothermal synthesis of zeolites [38]. Under these conditions, the 
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HPW species in our 10HPW/Z sample does not only lead to an improved crystallinity, but it also 
promotes an increase of the particle size and a modification of the crystallographic ordering. The 
application of the Scherrer equation to the diffraction maxima located at 2θ ca. 28 and 50° reveals 
that the average size of the zirconia nanoparticles more than doubles when going from the pristine 
Z support (ca. 4 nm) to the 10HPW/Z sample (ca. 9 nm), and at the same time, that the contribution 
of the tetragonal fraction to the mixture of crystalline phases notably increases (note the resolution 
of a new diffraction maximum at ca. 30° in the pattern of 10HPW/Z), although not enough for 
becoming the major component. In contrast, higher HPW loadings result in a continuing 
amorphization of the solid material. The pattern of the 20HPW/Z sample with just an HPW 
loading of x = 20wt. % already shows a substantial loss of crystallinity based on the noticeable 
broadening and decrease of intensity of the diffraction maxima, which continue to fade away in 
the pattern of the 30HPW/Z solid and become fully unresolved in that of the nearly amorphous 
50HPW/Z material with the highest mass percentage of HPW (x = 50wt. %). It is worth 
mentioning that no sign of the characteristic pattern of the commercial HPW starting material [39] 
is observed for any of our xHPW/Z catalysts, not even for the 50HPW/Z material, which indicates 
that the HPW particles are most likely very small in size and homogeneously dispersed into the 
pores of the Z support in good agreement with the immobilization mechanism discussed above. 
The experimental results obtained from the PXRD measurements are consistent with the 
modifications observed in the textural properties throughout the whole series of xHPW/Z 
catalysts. On the one hand, the modifications undergone by the porous texture of the pristine Z 
support when loaded with the lowest amount of HPW (10HPW/Z sample) were barely noticeable, 
and so are the differences between their corresponding PXRD patterns but for an enhancement of 
the crystallinity. On the other hand, the mesoporous volume of those catalysts with the highest 
HPW loadings (30HPW/Z and 50HPW/Z samples) dropped to values that are nearly the half of 
that of the Z support and this fact is consistent with the significant decrease of the average size 
undergone by their constituent zirconia nanoparticles as indicated by the fact that the diffraction 
maxima progressively go from well-defined peaks to broader bands until they lose all resolution. 
Therefore, it is plausible that the presence of high amounts of HPW during the hydrothermal 
treatment of the the Zr(OH)4 hydrogel hinders the growth of large ZrO2 nanoparticles, the 
interparticle space among which generates the mesoporosity of the materials, but brings together 
the resulting small particles to distances around the diameter of a Keggin cluster facilitating the 
development of narrow microporosity instead. 
 
3.1.3. Diffuse reflectance infrared Fourier transform spectroscopy 
Figure 3 shows the DRIFTS spectra of the pristine Z support compared with those of the 
whole series of xHPW/Z supported catalysts with HPW loadings in the range x = 10 – 50wt. % 
The spectrum of the Z support obtained from the combined sol-gel/hydrothermal synthetic 
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approach is similar to those of zirconia samples prepared by following precipitation or pure sol-
gel methods [40]. As main features, this spectrum displays a broad band of absorption in the 
2500–3700 cm–1 range originating from the stretching O–H vibration of the surface ≡Zr–OH 
groups, a band of absorption in the 1500−1700 cm–1 domain that associates with bending 
vibrations in the physisorbed water molecules, and a second broad band of absorption centered at 
ca. 820 cm–1 that corresponds to the stretching vibration of the Zr–O bonds [41]. However, some 
differences can be found in the 1220–1460 cm–1 range when comparing the spectrum of our Z 
support with the other zirconia samples prepared by alternative routes [40]. In the latter, an 
absorption band centered at 1350 cm–1 that corresponds to bending vibrations of crystallization 
water molecules can be observed [42]. In our case, this signal appears as a weak shoulder 
shadowed by an absorption band of much stronger intensity that is centered at ca. 1420 cm–1. This 
absorption band could tentatively be assigned to bending H–C–H vibrations of the methyl (–CH3) 
and methylene (–CH2–) groups of n-butoxide anions belonging to small amounts of the ZrIV 
molecular precursor that have been left unreacted. 
 
 
Figure 3. DRIFT spectra of the xHPW/Z catalysts prepared by a combined sol-gel/hydrothermal method 
with HPW mass loadings in the x = 0 (Z support) – 50wt. % range. The arrows highlight those signals that 
undergo an increase in intensity with increasing the HPW loading. 
 
The incorporation of the HPW species into the Z support induces progressive variations 
in the DRIFT spectra as the HPW loading goes from 10 to 50wt. % The absorption bands in the 
1500−1700 and 1220–1460 cm–1 ranges become increasingly weaker and this fact indicates a 
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more efficient transformation of the molecular precursor into zirconia, as well as a lower content 
of physisorbed water molecules due to the clusters occupying the micropores and the partial 
collapse of the mesoporous structure for those samples with the highest HPW loadings. In 
contrast, a new signal of increasing intensity throughout the series of xHPW/Z catalysts appears 
at ca. 1620 cm–1. As for the previous absorption band in the 1500-1700 cm–1 range, this new signal 
also corresponds to bending vibrations of water molecules, but in this case, these molecules can 
be assigned as H5O2+ ions belonging to the secondary structure of the hydrated HPW species 
rather than being merely physisorbed, the peak at 1620 cm–1 originating from the in-plane bending 
vibration of the H–O–H bridge [43,44]. The characteristic fingerprint of the primary structure of 
the 12-tungstophosphoric Keggin-type cluster can be barely noticed [45], not even for the 
50HPW/Z sample with the highest HPW loading. This fact is consistent with the immobilization 
mechanism discussed above, which results in a homogeneous, fine dispersion of HPW species 
over the surface of the nanoparticles that constitute the zirconia matrix. Nevertheless, the presence 
of HPW units in our samples can be addressed from two peaks of increasing intensity with the 
HPW loading. These absorption bands appear at ca. 1060 and 980 cm–1 and originate from the 
antisymmetric stretching vibrations of the P–O bonds in the central heterogroup of the cluster and 
the surface W=Ot  bonds involving terminal oxo ligands, respectively. 
 
3.1.4. Thermogravimetric analyses 
The thermogravimetric curves of the pristine Z support and the whole series of xHPW/Z 
supported catalysts prepared in this work are displayed in Figure 4. The support obtained from 
the combined sol-gel/hydrothermal synthetic approach shows higher thermal stability than other 
zirconia samples prepared following the more usual precipitation or pure sol-gel methods [40]. 
Our support undergoes a mass loss of only 3% up to 300 °C, which contrasts with the mass losses 
well-above 10% and up to 20% displayed in this temperature range by the zirconia samples 
obtained from other alternative synthetic routes [40]. This observation strongly suggests that the 
hydrothermal conditions applied in our work induce more efficient hydrolysis and condensation 
reactions of the ZrIV molecular precursor, as well as better dealcoholation of the alkoxide anions 
from the resulting Zr(OH)4 hydrogel, which would result in a final solid with a lower content of 
physisorbed water molecules and surface ≡Zr–OH groups, hence with lower content of mass that 
can be thermally evacuated. Furthermore, a better efficiency of the hydrolysis-condensation 
processes would also be consistent with the crystalline nature displayed by our support in contrast 
to the amorphous character of the zirconia obtained from other preparative methods [40]. 
In regard to the mass losses, the first stage up to ca. 200 °C corresponds to the evacuation 
of the physisorbed water, and most likely, of some ethanol used as solvent in the synthetic 
procedure also. The second stage up to ca. 300 °C originates from the release of the residual 
organic matter, and more specifically, of the minor fraction of n-butoxide anions that could remain 
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in the sample upon dealcoholation of the Zr(OH)4 hydrogel [33]. The mass loss that takes place 
in the temperature range from 300 to ca. 500 °C relates to the transformation of residual Zr(OH)4 
into ZrO2, which involves the release of some structural water molecules as a result of the loss of 
terminal hydroxyl groups during the formation of the zirconia lattice [46], whereas the last mass 
loss stage from ca. 570 to 700 °C associates with the combustion of that organic matter that could 
remain occluded within the solid upon formation of the zirconia. 
 
 
Figure 4. Thermogravimetric curves of the xHPW/Z solid catalysts with HPW mass loadings in the x = 0 
(Z support) – 50wt. % range. 
 
Loading the zirconia with low quantities of the HPW species (10HPW/Z sample) leads to 
a thermogravimetric curve with a shape virtually identical to that of the Z support alone. The 
overall mass loss substantially decreases due to a somewhat lower content of physisorbed water 
molecules as a result of the clusters blocking part of the supermicroporous structure, but mainly, 
to a much lower extent of the transformation of residual Zr(OH)4 into ZrO2 that takes place in the 
300–500 °C range. The latter observation is consistent with the higher degree of crystallinity 
showed by the 10HPW/Z sample when compared to the pristine Z support. In contrast, the 
incorporation of higher amounts of HPW results in significant modifications of the 
thermogravimetric curves, which mainly consist in a noticeable development of the mass loss 
stage up to 200 °C associated with the progressive fading of that corresponding to the 300–500 
°C range. The development of the former stage originates from an increasing amount of water 
molecules clustered around the secondary structure of the hydrated HPW species as H5O2+ ions, 
whereas the fading of the latter stage relates to the decrease of free ≡Zr–OH groups as an 
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increasing number of HPW clusters get immobilized at the surface of the zirconia nanoparticles 
through a mechanism of acid-base proton exchange. Finally, it must be pointed out that the 
primary structure of the Keggin-type HPW cluster is thermally robust and remains intact until ca. 
500 ºC before proceeding into its breakdown into the corresponding oxides [42]. 
 
 
 
3.2. Evaluation of the catalytic activity 
The four xHPW/Z materials prepared in this work with HPW mass percentages of x = 10, 
20, 30, and 50 % were evaluated as supported acidic catalysts in the esterification of palmitic acid 
with methanol at 60 °C as a model reaction for the preliminary stage of esterification of FFAs in 
the preparation of biodiesel. The catalysts were used as-isolated without any previous calcination 
treatment because any thermal treatment above 150 °C lowers the number of H5O2+ ions in the 
secondary structure of the Keggin-type clusters, and hence the acidity of the hydrated HPW 
species as illustrated by the thermal evolution of the DRIFT spectra of the 30HPW/Z sample that 
is displayed in Figure A.2. in Appendix A. In addition, an important decrease in the porosity also 
takes place when the samples are calcined at temperatures above 100 ºC as shown in Figure A.3 
in Appendix A. To exemplify the comments above, Figure A.4 in Appendix A shows how the 
conversions achieved with the 50HPW/Z sample get systematically lower as the catalyst is 
calcined at increasing temperatures. Figure 5 shows the conversions achieved with the different 
quantities of supported HPW catalyst present in 0.3 g of the title xHPW/Z materials and a 
comparison with the conversions provided by the same amounts of commercial HPW starting 
material. 
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Figure 5. Conversion of palmitic acid upon esterification with methanol for 6 h at 60 ºC as a function of 
the amount of HPW acid catalyst (commercial or immobilized on the ZrO2 support). 
 
The commercial HPW is soluble in the reaction medium (methanol), and therefore, it acts 
as a homogeneous acid catalyst in the esterification of palmitic acid. This HPA species already 
affords high conversions of nearly the 70% with just 10 μmols (30 mg) added to the reaction 
mixture. The conversion is maximized to a value around the 85% when 90 mg of the HPW catalyst 
are used [24]. Upon immobilization at the zirconia generated by the combined sol-
gel/hydrothermal preparative approach, the HPW species retains its catalytic activity in the title 
esterification reaction and shows similar trends to those observed when used in the homogeneous 
phase, that is, the conversion rises with the amount of catalyst to reach optimized values for 60–
90 mg of HPW and remains mostly unaffected by further increases in the amount of added 
catalyst. The fact that our zirconia-supported acid catalysts display similar activity in the 
esterification of palmitic acid than that observed in homogeneous conditions is noteworthy and 
contrasts with the results included in a number of literature reports, which evidence that HPAs 
partially lose their activity as acid catalysts upon heterogenization [47,48]. In our case, the 
xHPW/Z materials with HPW loadings above the 10wt. % show even higher activity than the 
unsupported HPW catalyst and conversions of almost the 95% are reached when the 30HPW/Z 
sample (90 mg of HPW) is used. This behavior can be traced back to the influence of the zirconia 
matrix in the catalytic properties of the xHPW/Z materials because our pristine Z support prepared 
under analogous synthetic conditions is also able to catalyze the esterification reaction to some 
extent, leading to conversions of ca. 30%. This fact can be attributed to the existence of Brønsted 
acidic sites at the surface of our zirconia as a result of the hydrochloric acid used to set the pH 
conditions at which the support is synthesized, and resembles the properties shown by ZrO2 
materials modified with sulfuric acid, which are used as acid catalysts for manifold organic 
reactions including the esterification of FFAs [49–51]. 
The high catalytic activity shown by the zirconia-supported HPW species evidences the 
facile accessibility of palmitic acid toward the active sites in the constituent nanoparticles of the 
Z support. Taking into account the large dimensions of the substrate with a linear alkyl chain of 
16 carbon atoms and a carboxylic head (1.9 nm length × 0.6 nm diameter), the ease with which 
the palmitic acid reaches the active sites of the catalyst would not be a priori expected if the latter 
were only located within the microporous structure with pore sizes lower than 2 nm. Therefore, 
the results obtained for the catalytic activity of the xHPW/Z materials further supports the model 
proposed for the anchoring of the clusters at the surface of the zirconia nanoparticles, which would 
render much more accessible HPW species. 
 
3.3. Evaluation of the recyclability of the supported catalysts 
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A key feature of heterogeneous catalysts resides in their ability of being reused in 
successive reaction cycles without substantial loss of their properties. The recyclability of a given 
heterogeneous catalyst is of great relevance not only from an economic viewpoint, but also 
because of operational aspects related to the charge and discharge of the reactors [52]. In most 
cases, the recycling of a supported catalyst demands a preliminary stage of regeneration of the 
active phase before being reused in a new reaction run. In our case, however, the recyclability of 
those xHPW/Z materials with the highest catalytic activity (x = 20, 30 and 50wt. %) was evaluated 
by applying the supported catalysts in successive esterification runs without any intermediate 
regeneration stage. The conversions afforded by these materials throughout five consecutive 
reaction cycles are shown in Figure 6. For all xHPW/Z materials, the activity decreases with each 
reaction run but the magnitude of this decrease is dependent on the HPW loading. For example, 
the 50HPW/Z sample shows the highest initial activity but its loss throughout the five 
esterification cycles is the more pronounced among all tested samples, resulting in the less 
efficient catalyst despite containing the largest amount of catalytically active HPW species. The 
relative loss of activity in the fifth consecutive run with regard to the first cycle has been 
calculated to the following values: 51% for 20HPW/Z, 33% for 30HPW/Z and 59% for 
50HPW/Z. Therefore, the 30HPW/Z sample appears as the most suitable recyclable catalyst for 
the selected model reaction. 
 
 
Figure 6. Conversion of palmitic acid into methyl palmitate over five consecutive esterification cycles with 
methanol (each running for 6 h at 60 ºC) using 0.3 g of xHPW/Z catalysts (x = 20, 30 or 50wt. %). 
 
3.3.1. Leaching of the active catalyst 
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Another key feature of heterogenized catalysts is the leaching of the supported active 
species toward the reaction medium, which results in a sequential loss of catalytic activity 
throughout successive reaction cycles and the potential contamination of the reaction products. 
This process is particularly common for supported catalysts based on POM clusters and it has 
been previously described for several materials that contain the HPW species immobilized on 
different solid matrices, and that operate under reaction conditions analogous to those of our 
model esterification reaction [22–24]. To quantify the amount of leached HPW species from our 
xHPW/Z materials during five consecutive esterification cycles, the solutions obtained upon 
filtration of the solid catalyst out from the reaction media were analyzed by UV-Vis spectroscopy 
after each reaction run was completed. In addition, elemental analyses were also performed on 
the recycled catalyst samples (Table A.1 in Appendix A). Figure 7 shows a comparison of the 
spectra obtained for the most efficient catalyst among the title materials, namely 30HPW/Z, 
whereas those corresponding to the 20HPW/Z and 50HPW/Z samples are displayed in Appendix 
A (Figures A.5 and A.6, respectively). 
 
 
Figure 7. UV-Vis spectra of the reaction medium corresponding to the esterification of palmitic acid with 
methanol catalyzed by 0.3 g of the 30HPW/Z sample recorded throughout five consecutive cycles, each 
cycle running for 6 h at 60 °C. 
 
Table 2. Mass percentage (%) of the leached HPW heteropolyacid over five consecutive esterification 
cycles based on the initial amount of HPW present in the fresh xHPW/Z catalysts. 
Catalyst Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
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20HPW/Z 6.6 6.5 6.7 6.5 6.6 
30HPW/Z 4.2 3.8 3.7 3.9 3.8 
50HPW/Z 3.2 2.5 2.1 1.9 1.8 
 
For the 30HPW/Z material, the UV-Vis spectra of the liquid media after completion of 
each reaction cycle showed all an absorption band of strong intensity located around 225 nm. This 
absorption band corresponds to the absorption maximum of the Keggin-type [PW12O40]3– POM 
and evidences that part of the catalytically active HPW species leaches from the Z support during 
the esterification process. Moreover, these absorption bands compare very nicely in terms of 
shape and intensity in all of the spectra, which reveals that the amount of leached HPW must be 
similar for each of the reaction runs. These amounts have been quantified using the calibration 
line provided in Figure A.1 in Appendix A, and the results, together with those corresponding to 
the 20HPW/Z and 50HPW/Z samples, are listed in Table 2 on the basis of the initial mass 
percentages of HPW present in the fresh catalysts, which have been obtained from elemental 
analyses (Table A.1 in Appendix A). In general, the amount of leached HPW species is very low 
for all samples and decreases with increasing the initial HPW loading. Moreover, the amount of 
leached catalyst is very similar for each of the five consecutive reaction runs not only in the case 
of the 30HPW/Z sample, but also for the material with an initial mass percentage of HPW of x = 
20%. Only in the case of the sample with the highest initial HPW loading (50HPW/Z), a 
progressive decrease of the amount of leached catalyst is observed as more reaction cycles are 
cumulated. The relatively low values listed in Table 2 contrast with those reported for other 
materials obtained from the immobilization of the HPW species on different solid supports, such 
as activated carbon fibers or mesoporous MCM-41 silica, for which the percentage of leached 
catalyst has been calculated to be as high as the 40 and the 20%, respectively [24,53]. These 
results highlight the suitability of the synthetic protocol followed in this work to immobilize the 
HPW species over the zirconia support, which leads to strongly anchored POM clusters and 
hinders significant leaching of the catalytically active species under the reaction conditions 
applied for esterifying palmitic acid with methanol.  
Close inspection of the data listed in Table 2 also reveals another two relevant aspects. 
First, the amount of HPW that is transferred from the xHPW/Z materials into the liquid reaction 
medium for each reaction cycle must range from 3 to 4 mg, and according to the results shown in 
Figure 5, such low quantities can only lead to a maximum conversion of approximately the 30% 
upon considering that all of the leached HPW acts as a homogeneous catalyst during the full 
reaction run of 6 h. Therefore, our results confirm that the esterification of palmitic acid into 
methyl palmitate proceeds mainly in the heterogeneous phase when catalyzed by our xHPW/Z 
materials. Second, the amount of HPW that remains immobilized on the zirconia support after the 
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fifth reaction cycle as estimated from the UV-Vis calibration curve (Figure A.1 in Appendix A) 
is consistent with that determined from the elemental analyses performed on the recycled catalysts 
(Table A.1). For example, the HPW supported on 0.3 g of catalyst after five cycles is 84 mg for 
the 30HPW/Z sample and 144 mg for the 50HPW/Z sample, and according to the results displayed 
in Figure 5, such HPW loadings should be more than enough to reach conversions higher than the 
80% under our reactions conditions. Therefore, the significant decrease of the catalytic activity 
shown by these xHPW/Z materials over the five consecutive esterification cycles must be mainly 
attributed to factors other than the HPW leaching. 
 
3.3.2. Fouling of the supported catalysts 
A third key feature that can hamper heterogeneous catalysts from being reused in 
consecutive reaction cycles is related to the inaccessibility of the reagents toward the active sites 
present within the porous structure due to the fouling of the catalyst. Palmitic acid is a solid with 
a relatively low melting point (62.9 °C), with a boiling point of 351 °C, immiscible with water, 
poorly soluble in cold methanol and relatively soluble in hot methanol. All of these characteristics 
suggest that palmitic acid should easily solidify under our reaction conditions because the 
esterification process is carried out using a solvent in which dissolves poorly and a temperature 
below its melting point. Therefore, the fact that fractions of palmitic acid or its esterification 
product methyl palmitate could become retained and cumulated within the porous structure of the 
zirconia support after each reaction cycle, thus progressively blocking the accessibility toward 
the active HPW species, appears as a reasonable hypothesis to explain the decrease of the catalytic 
activity observed for the title xHPW/Z materials. This phenomenon has been previously described 
in the literature for both supported catalysts based on immobilized HPW and other types of 
heterogeneous catalysts [24,54]. To explore whether our xHPW/Z materials get fouled during the 
esterification process, we performed thermogravimetric analyses on those samples with HPW 
loadings of x = 20, 30 and 50wt. % that were recovered by filtration after the fifth reaction run 
(hereon noted as xHPW/Z-C5) and compared the results with the thermogravimetric curves of the 
corresponding fresh catalysts (Figure 8 and Table 3). In addition, elemental analyses have also 
been performed on these recycled xHPW/Z-C5) samples (Table A.1 in Appendix A). 
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Figure 8. Thermogravimetric curves of the fresh xHPW/Z catalysts (x = 20, 30, and 50wt. %) compared to 
those of the recycled catalysts after 5 consecutive six-hours-long esterification runs of palmitic acid with 
methanol at 60 ºC (xHPW/Z-C5). 
 
Table 3. Total mass losses (%) at 600 ºC for fresh (xHPW/Z) and recycled catalysts after five consecutive 
esterification cycles (xHPW/Z-C5). 
Fresh catalyst Mass loss (%) Recycled catalyst Mass loss (%) 
20HPW/Z 9 20HPW/Z-C5 14 
30HPW/Z 12 20HPW/Z-C5 21 
50HPW/Z 11 50HPW/Z-C5 16 
 
In all cases, the recycled catalysts undergo higher mass losses upon heating than those 
observed for the fresh materials, which according to the thermogravimetric curves, originate from 
additional mass loss stages that appear in the temperature range from ca. 300 to 500 °C. Therefore, 
the recycled catalysts do retain a certain amount of additional matter that undergoes thermal 
desorption at temperatures higher than those corresponding to the mere evacuation of physisorbed 
solvent molecules, and therefore, most likely corresponds to organic matter belonging to the 
palmitic acid reagent and/or the methyl palmitate product. The elemental analyses of the recycled 
catalysts (Table A.1 in Appendix A) confirm this observation because a significant amount of C 
was detected on the xHPW/Z-C5 samples (6.8wt. % and 8.3wt. % for the 50HPW/Z-C5 and 
30HPW/Z-C5 samples, respectively). In regard to the amount of retained matter, the results above 
allow for correlating the decrease of activity of our xHPW/Z materials over consecutive 
esterification cycles with a fouling effect by accumulation of matter at the catalytically active 
sites, but the fact that the largest amount of cumulated matter after five reaction runs corresponds 
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to that sample for which the smoothest decrease of activity has been observed (30HPW/Z) is 
surprisingly noteworthy. 
 
 
Figure 9. Comparison between the DRIFT spectrum of the fresh 30HPW/Z sample and that of the same 
catalyst after performing one esterification cycle (30HPW/Z-C1). 
 
The nature of the species adsorbed in the used catalysts has been explored by DRIFT 
spectroscopy. As an illustrative example, Figure 9 displays a comparison between the spectrum 
of the fresh 30HPW/Z material with that of the same sample after catalyzing one esterification 
cycle. The spectrum of the latter shows two additional peaks of weak-to-medium intensity located 
at 2925 and 2855 cm–1, which are characteristic of long alkyl chains such as that of the palmitate 
molecule and originate from the stretching C–H vibrations in the terminal methyl and middle 
methylene groups. This observation confirms that the retained matter is organic and corresponds 
to palmitate from the acidic reagent and/or the esterified product. To evaluate whether the 
retention of fouling matter is merely superficial or takes place within the porous structure of the 
catalysts, the textural properties of the recycled xHPW/Z-C5 materials were analyzed through 
comparison of their N2 and CO2 adsorption-desorption isotherms with those of their 
corresponding freshly prepared xHPW/Z samples. The results obtained from this comparison are 
listed in Table 4 and reveal that the volumes of all kinds of porosity decrease after catalyzing the 
five consecutive esterification runs, but this decrease follow different trends in each of the samples 
and for each specific type of pore. In general, the mesoporosity is the class of porous volume that 
varies the less, whereas the most pronounced modifications are observed for the total 
microporosity, which can be clearly noticed in the great shift toward lower values of adsorbed N2 
that the isotherms displayed in Figure 10 undergo in the range of relative pressures lower than 
0.3. These results confirm that the porous structure of the xHPW/Z materials result partially filled 
with the palmitate-based molecules upon catalyzing the esterification reaction and they indicate 
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that the accumulation of these molecules takes place preferentially in the micropores. This 
observation is reasonable as the adsorption potential in this class of porosity is usually higher than 
that displayed by the mesopores. In regard to the catalysts, the 20HPW/Z material is the sample 
for which the microporous volume decreases the less, whereas 30HPW/Z constitutes the material 
showing the largest modification in its microporosity. These results are fully consistent with the 
amounts of retained organic matter determined by thermogravimetric analyses (Table 3). 
 
 
 
 
 
 
 
 
 
Table 4. Comparison between the textural properties of the fresh (xHPW/Z) and recycled catalysts after 
five consecutive reaction cycles (xHPW/Z-C5). 
Catalyst SBET (m2 g–1) VN2 (cm3 g–1) VCO2 (cm3 g–1) Vmeso (cm3 g–1) Vtotal (cm3 g–1) 
20HPW/Z 270 0.13 0.09 0.19 0.38 
20HPW/Z-C5 148 0.07 0.04 0.15 0.25 
30HPW/Z 365 0.18 0.12 0.11 0.33 
30HPW/Z-C5 78 0.04 0.05 0.08 0.14 
50HPW/Z 321 0.16 0.11 0.09 0.28 
50HPW/Z-C5 99 0.05 0.04 0.03 0.09 
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Figure 10. Adsorption-desorption N2 isotherms of the fresh 20-, 30- and 50HPW/Z samples compared to 
those of the same materials after catalyzing five consecutive esterification cycles (xHPW/Z-C5). 
 
4. Conclusions 
The preparation of heterogeneous catalysts based on zirconia-supported 12-
tungstophosphoric acid through the sol-gel method combined with a subsequent hydrothermal 
treatment at mild conditions has proven to result in a more efficient method for the immobilization 
of Keggin-type heteropolyacids than other preparative routes, such as the pure sol-gel or the 
precipitation methods. Our combined synthetic approach affords materials with larger porosity 
and higher thermal and chemical stability under the esterification reaction conditions. The 
synthesis of the zirconia support in the presence of the heteropolyacid leads to significant 
modifications in both the composition and the morphology of the resulting material. Increasing 
the loading of heteropolyacid induces variations in the crystallographic ordering of the zirconia, 
which consist in a progressive development of the minor tetragonal fraction within the mixture of 
crystalline phases and the decrease of the average size of the zirconia nanoparticles. Moreover, 
higher loadings of heteropolyacid also result in larger microporous volumes, mainly due to the 
development of the ultramicroporous structure to larger extents. The results obtained from the 
powder X-ray diffraction and diffuse reflectance infrared Fourier transform analyses indicate that 
the polyoxometalate clusters disperse homogeneously over the support regardless of the amount 
of heteropolyacid immobilized over the zirconia as the characteristic signals of Keggin-type 
clusters are hardly detected by these techniques. 
The 12-tungstophosphoric species is a suitable catalyst for the esterification of free fatty 
acids, and in our case, this heteropolyacid retains its catalytic activity upon immobilization over 
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the zirconia with no substantial modifications but for a slight increase in the conversions due to a 
synergistic effect with the low-to-moderately active support. According to our studies, the catalyst 
with a heteropolyacid loading of 30wt. % is the most efficient in the esterification of palmitic acid 
with methanol at 60 °C because it constitutes the sample with the lower loss of catalytic activity 
over successive reaction runs among all of the materials prepared in this work. The amount of 
heteropolyacid leached from our catalysts toward the reaction medium is much lower than that 
observed for other supported catalysts based on the 12-tungstophosphoric species, but 
nevertheless, the materials prepared in this work do undergo some fouling and subsequent loss of 
activity due to the retention of organic matter in the microporous structure with partial blocking 
of the porosity. 
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the liquid reaction media after each of the five consecutive esterification cycles catalyzed by the 
samples 20HPW/Z (Figure A.5) and 50HPW/Z (Figure A.6). The supplementary data associated 
with this article can be found in the online version. 
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Figure Captions 
 
Figure 1. N2 adsorption-desorption isotherms of the xHPW/Z catalysts prepared by a combined sol-
gel/hydrothermal approach with HPW mass percentages of x = 0 (Z support) – 50%. 
 
Figure 2. Powder X-ray diffraction patterns of the xHPW/Z supported catalysts prepared by a combined 
sol-gel/hydrothermal method with HPW mass loadings in the x = 0 (Z support) – 50wt. % range. 
 
Figure 3. DRIFT spectra of the xHPW/Z catalysts prepared by a combined sol-gel/hydrothermal method 
with HPW mass loadings in the x = 0 (Z support)– 50wt. % range. The arrows highlight those signals that 
undergo an increase in intensity with increasing the HPW loading. 
 
Figure 4. Thermogravimetric curves of the xHPW/Z solid catalysts with HPW mass loadings in the x = 0 
(Z support) – 50wt. % range. 
 
Figure 5. Conversion of palmitic acid upon esterification with methanol for 6 h at 60 ºC as a function of 
the amount of HPW acid catalyst (commercial or immobilized on the ZrO2 support). 
 
Figure 6. Conversion of palmitic acid into methyl palmitate over five consecutive esterification cycles with 
methanol (each running for 6 h at 60 ºC) using 0.3g of xHPW/Z catalysts (x = 20, 30 or 50wt. %). 
 
Figure 7. UV-Vis spectra of the reaction medium corresponding to the esterification of palmitic acid with 
methanol catalyzed by 0.3 g of the 30HPW/Z sample recorded throughout five consecutive cycles, each 
cycle running for 6 h at 60 °C. 
 
Figure 8. Thermogravimetric curves of the fresh xHPW/Z catalysts (x = 20, 30, and 50wt. %) compared to 
those of the recycled catalysts after 5 consecutive six-hours-long esterification runs of palmitic acid with 
methanol at 60 ºC (xHPW/Z-C5). 
 
Figure 9. Comparison between the DRIFT spectrum of the fresh 30HPW/Z sample and that of the same 
catalyst after performing one esterification cycle (30HPW/Z-C1). 
 
Figure 10. Adsorption-desorption N2 isotherms of the fresh 20-, 30- and 50HPW/Z samples compared to 
those of the same materials after catalyzing five consecutive esterification cycles (xHPW/Z-C5). 
 
 
 
 
Table Captions 
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Table 1. Textural properties of the xHPW/Z catalysts obtained from the immobilization of different mass 
percentages (x = 10 – 50%) of the H3PW12O40 heteropolyacid over zirconia by following a combined sol-
gel/hydrothermal approach. 
 
Table 2. Mass percentage (%) of the leached HPW heteropolyacid over five consecutive esterification 
cycles based on the initial amount of HPW present in the fresh xHPW/Z catalysts. 
 
Table 3. Total mass losses (%) at 600 ºC for fresh (xHPW/Z) and recycled catalysts after five consecutive 
esterification cycles (xHPW/Z-C5). 
 
Table 4. Comparison between the textural properties of the fresh (xHPW/Z) and recycled catalysts after 
five consecutive reaction cycles (xHPW/Z-C5). 
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